• Bacterial, fungal and archaeal communities respond differently to revegetation.
Introduction
Mine tailings are a primary component of mine wastes produced during ore processing for metal extraction. Legacy mine tailings are a major source of environmental contamination due to historical inefficiencies of mining technologies, which left relatively high concentrations of toxic metal(loid)s in the tailings (Dybowska et al., 2006 ). Due to small particle size, limited quantities of essential nutrients and organic matter, high metal(loid) content, acidic pH, and the lack of a normal soil structure, these mine tailings generally do not support plant growth or a normal soil microbial community (Alvarenga et al., 2008; Mendez and Maier, 2008b) . The inability to support plants is exacerbated in arid environments due to climatic conditions and high levels of salinity (Mendez and Maier, 2008a) . Thus, mine tailings in arid environments are especially susceptible to wind dispersion and water erosion (Kabas et al., 2011; Meza-Figueroa et al., 2009) .
Several methods for the assisted growth of plants on mine tailings piles and other metal-contaminated sites in arid environments have been proposed to minimize contaminant dispersion through revegetation (Alvarenga et al., 2008; Mendez et al., 2007; Maier, 2008a,b, Tordoff et al., 2000; Wong, 2003) . Phytostabilization is one such method that employs plants to control dust emissions, stabilize tailings materials against water erosion, and reduce water percolation through contaminated materials by enhanced evapotranspiration. The use of plants to control dust emissions and minimize wind and water erosion of bare soils, especially in arid environments, is well documented (Gyssels et al., 2005; Grantz et al., 1998; Kort et al., 1998) . In the case of phytostabilization, the plants used are specifically selected for their capacity to immobilize metal contaminants in the root zone rather than accumulating the metals in the shoot tissues (Mendez and Maier, 2008a,b; Solís-Domínguez et al., 2012) . Solís-Domínguez et al. (2012) demonstrated decreases in tailings aqueous extractable metals following 60 days of plant growth in compost-amended tailings.
Several studies have suggested that root-associated microbes may be important for phytostabilization as microbes can facilitate plant establishment on tailings, enhance plant biomass production and potentially serve as bioindicators of revegetation status (Grandlic et al., 2008; Ma et al., 2011; Mendez et al., 2008; Solís-Domínguez et al., 2011) . Still, little is known about the longterm dynamics of microbial communities during the assisted revegetation of mine tailings and, specifically, how the microbial communities may: 1) respond to the remediation treatment, 2) influence the stabilization of the metal contaminants, and 3) influence the success of plant establishment.
Previous work has shown that tailings amendment and plant growth during the revegetation of mine wastes have a significant impact on the composition, abundance and stability of portions of the soil microbial communities Li et al., 2013; Mummey et al., 2002; Rosario et al., 2007) . Pérez-de-Mora et al. (2006) and Li et al. (2013) independently showed that plant selection for the revegetation of metal-contaminated land had a stronger effect on microbial community composition and diversity than the type of soil amendment used. Additional studies have shown that plant growth and addition of soil amendments can significantly increase the abundance of heterotrophs and decrease the abundance of chemolithotrophs in mine tailings, thus improving soil health (Mendez et al., 2007; Solís-Domínguez et al., 2012) .
An important limitation of previous revegetation-research efforts is the focus on a single microbial group, usually bacteria, rather than simultaneously analyzing multiple microbial groups (e.g. fungi, archaea) (Gremion et al., 2004; Pérez-de-Mora et al., 2005; Solís-Domínguez et al., 2011) . Numerous studies have demonstrated that the dominant soil microbial groups, bacteria, fungi, and archaea, behave differently in their response to environmental stressors, and in their influence on the functioning of an ecosystem (Hayden et al., 2012; Navarrete et al., 2010; Pereira-e-Silva et al., 2012; Reed and Martiny, 2007) . Therefore, it is crucial that a comprehensive study of the dynamics of microbial communities in mine tailings during revegetation monitors multiple microbial groups simultaneously, as each group may respond differently to various aspects of the remediation treatment.
The objective of this study was to evaluate the relationship between microbial community structure and phytostabilization outcomes in a well-instrumented mesocosm experiment using metalliferous acid mine tailings. We hypothesize that changes in key environmental parameters resulting from compost amendment and plant establishment will drive group-specific changes in the structure of root-associated bacterial, fungal and archaeal communities during revegetation of acidic mine tailings. To test this hypothesis we employed community DNA fingerprinting analysis of small subunit bacterial, archaeal and fungal RNA genes in combination with multivariate analysis of the influence of environmental parameters on community structure in a one year greenhouse experiment.
Materials and methods

Iron King Mine tailings
Tailings used for this study were collected and homogenized from both the oxidized surface layer and the underlying reduced zone at the Iron King Mine and Humboldt Smelter Superfund Site (IKMHSS), in Dewey-Humboldt, Arizona (34°30′02.11″N, 112°15′08.75″W). The IKMHSS was added to the National Priorities List in 2008 due to the exposure risks associated with high levels of arsenic (2590 mg kg −1
) and lead (2200 mg kg −1 ) in the surface layer of the tailings pile (EA-EST, 2010). The oxidized surface layer (0 to 25 cm) of the tailings is highly acidic (pH 2.3 to 3.7) while the reduced zone (N25 cm) has a higher pH (5.5 to 6.3). The IKMHSS tailings also have high levels of salinity, low organic carbon (0.014%) and nitrogen (0.043%) contents, and a stressed microbial community dominated by chemolithoautotrophic microbial populations (Solís-Domínguez et al., 2012) . These microbial populations are primarily iron-and sulfur-oxidizers, which diverge substantially from the heterotrophic populations commonly found in healthy soil ecosystems Tan et al., 2008) . Chemolithoautotrophic microbial activity is supported by the pyritic composition of the tailings and is the driving force behind the low pH of the surface tailings layer, a condition that influences metal(loid)s solubility and limits plant growth on the tailings (Mendez et al., 2007; Schippers et al., 2010; Solís-Domínguez et al., 2012) . The net acid producing potential (NAPP) was determined for the tailings used in this mesocosm study as described by Solís-Domínguez et al. (2011) . NAPP = acid potential (AP)-acid neutralizing capacity (ANC).
Iron King Mine tailings and setup of greenhouse experiment
A 12-month greenhouse mesocosm study was conducted to evaluate changes in physical, chemical and biological parameters during plant establishment in compost-amended IKMHSS mine tailings. The experiment consisted of 4 treatments that were monitored for 1 year under controlled conditions at the Controlled Environment Agricultural Center (CEAC) at the University of Arizona (Tucson, AZ). Twelve large polypropylene containers (ProPlastics, Chandler, AZ, USA), measuring 1 m in diameter and 0.5 m in depth, were custom-built to serve as mesocosms (Fig. 1) . Each mesocosm was equipped with pore water samplers that operated under constant tension (5-15 kPa), with a pore size of 2 μm and a sampling area of 33 cm 2 . Samplers were placed at 10 cm depth intervals from 5 cm to 35 cm. The following four treatments were examined in triplicate and arranged in a spatially randomized design ( Fig. 1 ): (i) Tailings only (TO); (ii) Tailings mixed with 15% dry-weight/dry-weight (w/w) compost (TC); (iii) Tailings mixed with 15% (w/w) compost and seeded with Buchloe dactyloides (buffalo grass) (BG); and (iv) Tailings mixed with 15% (w/w) compost and seeded with Atriplex lentiformis (quail bush) (QB). These native plant species were selected based on their salinity tolerance and ability to grow in IKMHSS tailings amended with 15% (w/w) compost without accumulating elevated levels of metals in their shoots (Solís-Domínguez et al., 2012) .
Surface and subsurface tailings were homogenized using a rotating cement mixer in a 3:1 ratio of oxidized surface tailings (collected from 0-20 cm depth) and reduced subsurface tailings (collected from N35 cm depth) in order to create a substrate representative of the variable top 40 cm of the IKMHSS tailings pile. Amended treatments contained the tailings mixture homogenized with 15% (w/w) compost made from a mixture of composted cattle manure and green waste (Arizona Dairy Compost LLC, Anthem, AZ) and composted steer manure (El Toro De-Odorized Steer Manure, Tempe, AZ). All materials were sieved to 0.5 cm. The unamended tailings were packed to a depth of 40 cm in the TO mesocosms and to 20 cm in the TC, BG and QB mesocosms. The TC, QG and QB mesocosms were then topped with 20 cm of the compost-amended tailings mixture. The BG treatment was seeded at 8.8 g m −2 (7 g mesocosms
) and the QB treatment at 5.5 g m , respectively. The mesocosms were irrigated immediately following seeding at a rate of 5-10 L per week and the first irrigation event represented time 0 for the study.
Mesocosm sampling and processing
Core samples from the soil profiles were collected from the mesocosms at 3 (t 3 ), 6 (t 6 ), 9 (t 9 ), and 12 months (t 12 ) by manually inserting a polycarbonate core sampler liner (3 cm in diameter) into the soil. Time 0 (t 0 ) analyses were performed on triplicate samples of TO and TC materials collected immediately following homogenization. Data from the TC-t 0 samples were used to represent all the amended treatments at time 0 of the study. Cores were collected from random locations in the TO and TC mesocosms at each time point beginning at t 3 . For planted treatments an average plant was harvested from each mesocosm by cutting the shoot at the surface of the soil. The core sampler was then centered over the stem to maximize the retrieval of roots and rhizosphere-influenced soil. All cores were stored on ice after collection and transported to the laboratory for further processing. The top 15 cm of the core samples was aseptically removed, the roots separated from the soil and the soil homogenized in sterile bags before being stored at − 20°C for microbial analysis. Subsamples of the homogenized core samples were used to estimate the soil water content (moisture).
Pore water collected from the 5 cm and 15 cm pore water samplers was filtered (0.45 μm syringe filtered with Acrodisc GHP membrane) before chemical and physical analyses. Filtered samples were used to measure pH (US EPA method 150.2) and electrical conductivity (EC) (US EPA method 120.1). Major anions were quantified with ion chromatography (IC, Dionex, DX-500, following US EPA method 300.0). Total organic carbon and total nitrogen were analyzed by automated high temperature wet combustion TC/TN analyzer (Shimadzu TOC-VCSH high sensitivity carbon analyzer, US EPA method 415.3). The filtered samples were then acidified (pH b 2 with UHP HNO 3 ) for analysis of total dissolved metal(loid)s by inductively coupled plasma mass spectrometer (ICP-MS, PerkinElmer Elan DRC-II, following US EPA method 200.8). The values of the parameters measured from the 5 cm and 15 cm pore water samples were averaged prior to further statistical analysis to correspond to the 15 cm deep homogenized soil core used for microbial analysis.
Analysis of microbial communities
2.4.1. DNA extraction and SSU RNA gene PCR Community DNA was extracted from 0.5 g core subsamples using the FastDNA™ SPIN Kit for Soil (MP Biomedicals, Solon OH, USA) with modifications to the manufacturer's protocol to enhance DNA yield. Both vortexing and centrifugation of the Lysing Matrix tube were increased to 15 min, and the spin filters containing the binding matrix were air-dried under a laminar flow hood for 1 h prior to DNA elution with preheated (60°C) ultrapure water. The DNA extracts were quantified using a TBS-380 Fluorometer (Turner BioSystems, Sunnyvale, CA, USA) with PicoGreen dye (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's directions.
SSU rRNA genes from the DNA extracts were amplified to analyze the root-associated bacterial, fungal and archaeal community structures using Denaturing Gradient Gel Electrophoresis (DGGE). A 40-bp GC clamp was added to the reverse primer for each of the following reactions (Ferris et al., 1996; May et al., 2001) . For bacteria, the V7/V8 variable region of the 16S rRNA gene was amplified following a modified protocol described by Colores et al. (2000) using primers 1070(f) and 1406(r) (Ferris et al., 1996) . The amplification protocol was 95°C for 5 min followed by 30 cycles at 94°C for 45 s, 55°C for 45 s, and 72°C for 60 s followed by a 72°C extension for 7 min. For fungi, approximately 350 bp of the 18S rRNA gene was amplified using primers GC-Fung-38(f) and NS1-368(r) (May et al., 2001 ). The amplification protocol was 95°C for 5 min followed by 35 cycles at 94°C for 45 s, 50°C for 45 s, and 72°C for 90 s, followed by a 72°C extension for 7 min. For archaea, approximately 571 bp of the 16S rRNA gene including the hypervariable regions V3, V4 and V5 (Casamayor et al. 2002) was amplified with the primers GC-A344(f) and A915(r) (Casamayor et al., 2000) . The amplification protocol was 95°C for 5 min followed by 40 cycles at 94°C for 60 s, 55°C for 60 s, and 72°C for 90 s, followed by a 72°C extension for 7 min. The master mix for each 25 μL PCR reaction contained 2.5 μL of 10× DreamTaq™ buffer containing 20 mM MgCl 2 (Fermentas, Lithuania), 0.2 mM dNTP, 0.4 μM of each primer, 0.4 μg μL − 1 unacetylated albumin bovine serum (Sigma, St. Louis, MO), 0.625 U DreamTaq™ DNA polymerase (Fermentas, Lithuania) and 200 pg of template DNA for bacteria and fungi and 300 pg of DNA for archaea.
Community fingerprinting analysis
DGGE analysis was performed using the Dcode Universal Mutation Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Acrylamide gels (7%) were prepared with 45 to 65% (for bacteria), 20 to 45% (for fungi) and 40 to 60% (for archaea) urea-formamide denaturing gradients according to the manufacturer's protocol. Gel lanes were loaded with 5-15 μL PCR product depending on the agarose electrophoresis band intensity. The parameters of the DGGE run and the analysis of the gel images are described elsewhere (Solís-Domínguez et al., 2011) . The Standard-Based Polynomial Interpolation (SBPIn) method (Valentín-Vargas et al., 2013 ) was used to align DGGE profiles from multiples gels for reliable across-gel comparisons.
Statistical analysis 2.5.1. Non-Metric Multidimensional Scaling (NMDS)
Non-Metric Multidimensional Scaling (NMDS) was used to analyze changes in microbial community structure over time as previously described (Valentín-Vargas et al., 2012) . A non-parametric multivariate analysis of variance (NPMANOVA) was conducted to test the significance of treatment differences in overall microbial community structure and to confirm the results observed in the NMDS plot. Both the NMDS and NPMANOVA were based on similarity matrices calculated with the Jacquard similarity index as implemented in PAST 2.16 (Hammer et al., 2001 ).
Principal Component Analysis (PCA)
Elemental and organic carbon pore water profiles from the four mesocosm treatments were compared using Principal Component Analysis (PCA). The data was square-root transformed before performing the PCA to minimize the effect of the different scales and to dampen the influence of outliers. The scaling for this indirect gradient analysis was focused on inter-sample distances and the ordination was centered by species (Lepš and Šmilauer, 2003) . Analyses were conducted using CANOCO 4.5 (ter Braak and Šmilauer, 2002).
Canonical Correspondence Analysis (CCA)
Canonical Correspondence Analysis (CCA) was used to evaluate the effect of environmental parameters measured during the mesocosm experiment on the microbial community structure. The CCA scaling focused on inter-sample distances to optimize the position of the samples in the ordination diagram, and was performed using binary microbial community data as biological variables against square-root transformed environmental parameters as explanatory variables. Plants and compost in the specific treatments were also included as nominal variables. CCA ordination diagrams were interpreted as described by ter Braak and Šmilauer (2002) . The statistical significance of the CCA analyses was tested by a Monte Carlo permutation test (1000 unrestricted random permutations; p b 0.05) of residuals from a reduced model against the null hypothesis that microbial community composition was unrelated to the measured environmental parameters (ter Braak and Wiertz, 1994) . To facilitate the interpretation of the CCA ordinations, the environmental data was divided into two groups: (i) physicochemical and nominal variables (pH, TOC, TDS, EC, moisture, plants, and compost), and (ii) elemental parameters (K, Na, Mg, Ca, Mn, Se, Cd, Co, Cu, Ni, Al, Zn, Pb, As, Fe, N [as TN], and S [as SO 4 ]). CCA was carried out using CANOCO 4.5 (ter Braak and Šmilauer, 2002).
Results
Plant growth in the mesocosms
QB germination and BG germination were observed within the first week of the experiment and the plants in both treatments grew slowly but well for the first 3 months. However, the BG plants began to show signs of stress by t 3 , with severe die-back observed by t 12 . The QB plants survived the duration of the experiment; however they began to show signs of stress as early as t 6 .
Treatment effect on the temporal dynamics of microbial community structure
The NMDS analysis for bacterial and fungal communities (Fig. 2) showed a clear separation in the ordination space between the TC and TO treatments at t 0 , which was statistically significant (NPMANOVA, p b 0.05). This confirms that the addition of compost to the tailings had an immediate and significant effect on the community composition of these two microbial domains. The separation of the TO treatment from compost-amended treatments remained throughout the 12-month duration of the study. Compost also affected within-treatment variability of replicates; replicates in the compost-amended treatments diverged less from each other over time than replicates in the TO treatment. Compost-amendment also led to an immediate and persistent doubling of band number in the bacterial and fungal DGGE profiles relative to the TO profiles ( Table 1) .
The bacterial and fungal communities responded differently to plant establishment in the compost-amended treatments. For bacteria, a separation in NMDS community plots between the planted treatments (BG, QB) and the TC treatment was evident as early as t 3 , suggesting a relatively fast response of the bacterial communities to plant growth (Fig. 2) . This separation continued for the duration of the experiment (p b 0.05). In contrast, the fungal community NMDS revealed that the BG and QB treatments did not separate from the TC treatment until t 9 .
Further analysis of the NMDS plots showed no evidence of a bacterial community response to the die-off of the buffalo grass plants that began at t 3 and continued throughout the experiment. In contrast, the BG fungal community structure began to separate from that of the QB treatment at t 9 and by t 12 it clustered more closely with the TC communities than the QB treatment. Interestingly, the final fungal band number for BG was significantly higher than for QB and TC despite the fact that the community structure of TC and BG appeared more similar. Explanations for this complex dynamic are addressed in the discussion.
Archaeal community DGGE profiles showed a third pattern quite distinct from the bacteria and fungi. Archaea were not detected in the TO treatment throughout the experiment with the exception of a single mesocosm at t 12 with just one band (Table 1 ). In contrast, fifteen bands were observed in all TC profiles, indicating that compost provided a significant archaeal inoculum that persisted during the experiment. As with fungi, the data indicate no archaeal community response to plant establishment. The archaeal profiles for TC, BG, and QB treatments were identical from t 0 to t 6 . However, the DGGE profiles of these communities diverged and exhibited a significant increase in band number at t 9 ( Supplementary Fig. 1, Table 1 ). The community response continued to diverge at t 12 as indicated by the DGGE profiles. Band number decreased to t 6 levels for the TC community, remained the same for the BG and increased in the QB treatment (Table 1) .
Pore water sample analysis
The results (mean values and standard deviations) of the pore water analysis are summarized in Supplementary Table 1. The pore water pH of the unamended TO treatment decreased sharply from 5.0 to 2.5 during the first six months of the study and then stabilized between 2 and 2.5 for the remaining six months. TC treatment data revealed that compost addition caused an immediate increase in pH from 5.0 to 6.4 (Fig. 3) . The average pH of all compost-amended treatments remained relatively stable until t 6 , but as the experiment progressed further, the positive effect of compost on pH yielded to a rapid acidification of the tailings in the TC and BG treatments. The decline in pH corresponded to the increase in observed stress and eventual die-off of the buffalo grass plants. The QB treatment also showed a decline in pH between t 6 and t 9 , but the pH then stabilized between t 9 and t 12 at a pH that was significantly higher than any of the other treatments (Fig. 3) .
The NAPP analysis of tailings materials revealed that the 3:1 mixture of surface and subsurface tailings had a NAPP of 4.67 mol acid kg − 1 tailings, and an ANC:AP ratio of 0.014. NAPP values b −20 are considered non-acid generating and values N 20 are considered acid producing. The ratio of ANC and AP is used when NAPP values are b20 but positive, where it is expected that an ANP/AGP ratio greater than 3:1 will not generate acid and a ratio less than 1:1 is expected to generate acid (Hutchinson and Ellison, 1992; Brodie et al., 1991) . Based on the 15% compost amendment rate, the tailings + compost had a NAPP of 3.8 with an ANC:AP = 0.056 (ANC of compost was 1.5). The NAPP of the surface tailings alone was 1.6 with no measurable ANC. This analysis confirms that both the TO and compost amended tailings were acid generating.
The effect of treatment on pore water chemistry was examined using PCA (Fig. 4) . Results show a separation between TO and compost-amended samples that began at t 3 and became more pronounced as the experiment progressed. The results also show a strong positive correlation between TO samples at later times (i.e. t 6 , t 9 , t 12 ) and higher pore water concentration of most metal(loid)s. This correlation corresponds to the acidification pattern of the respective mesocosms. The compost-amended treatments were negatively correlated with pore water metal(loid) concentration for the majority of the study. The PCA also revealed that most TO samples had a negative correlation with TOC and TN, while most compost-amended samples Fig. 2 . Non-Metric Multidimensional Scaling (NMDS) ordination diagrams of temporal variations in bacterial (left column) and fungal (right column) community structures. The ordinations are based on Jaccard similarity matrices calculated from the presence/absence data obtained from the DNA fingerprinting analysis. Each scatter point in a plot represents the structure of a microbial community in a particular sample (i.e. mesocosm replicate). The spatial separation between points approximates the similarity between their communities in terms of phylotype composition. All NMDS ordinations showed stress values below the preferred threshold of 0.1.
were positively correlated with the same parameters, suggesting that compost was the main source of these nutrients in the mesocosms.
Relationship between pore water chemistry and microbial community structure
A series of CCA ordinations was performed to quantify the relative impact of selected environmental variables on the observed changes in microbial community structure. The first set of CCA ordinations evaluating physicochemical and nominal variables (pH, TOC, TDS, EC, moisture, plants and compost) revealed that for bacterial community structure the two most important parameters were compost and pH, while for fungal and archaeal communities, the top two parameters were pH and moisture, and EC and pH, respectively (Fig. 5) . pH, in particular, stands out as an important explanatory parameter influencing community structure for all three microbial groups. All three groups were positively correlated with pH through t 6 , but negatively correlated with pH for t 9 and t 12 , which corresponds with the time points associated with the acidification of all compost-amended mesocosms (Fig. 3) . While not the most dominant factor, pore water TOC concentrations also figured prominently in the CCA analysis of all three domains and should be considered as an important nutrient source for heterotrophic populations. TOC levels peaked at t 3 for BG and t 6 for TC and QB (Supplementary Table 1 ). The CCA of compost-amended treatments showed positive correlations between TOC and community structure at 3 and 6 months for bacteria and fungi and at 6 months for archaea, but not at 9 and 12 months when TOC concentrations had decreased by over 50% (Fig. 5) .
The second set of CCA ordinations evaluated the influence of pore water chemistry on microbial community dynamics. The chemical parameters included in these CCA ordinations (i.e. Na, Mg, Al, K, Ca, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Cd, Pb, S [SO 4 ], N [TN]) were selected based on 2 main criteria: biological importance and potential toxicity. An automatic forward selection procedure (ter Braak and Šmilauer, 2002) was used to select and plot the 10 most relevant variables for each microbial group from the original set of 17 elements. Six variables were shared in common for all three microbial groups (i.e., Na, Ca, Co, As, Cd, Pb,) and a total of 14 parameters were included in the three CCA ordinations combined (Fig. 6) . The most important explanatory elements as identified by the relative magnitude of the vectors were Ca and Co for bacteria, Co and N(TN) for fungi, and Ca, Co and Pb for archaea.
Discussion
This study provides an extended temporal analysis of the response of bacterial, archaeal and fungal communities to compost amendment, plant establishment, and the geochemical dynamics of a year-long controlled assisted phytostabilization in IKMHSS mine tailings. Seeds were planted directly into compost-amended, acidic, high-metal content tailings. Results revealed that compost addition had an immediate and relatively long-lasting buffering-effect on pH, allowing plants to germinate and thrive for the first three months of the experiment. After six months the buffering capacity of the compost appeared to be exhausted and increasing acidification took over as the major driver affecting plant growth and survival. The pH of the QB treatment at t 12 was significantly higher than all other treatments, demonstrating the potential control on tailings acidification imposed by successful plant establishment. This plant effect supports a pattern previously observed in both laboratory and short-term greenhouse studies (Solís-Domínguez et al., 2012). 
Microbial community response to compost amendment and plant establishment
Compost addition produced an immediate and significant increase in bacterial and fungal community diversity, and established an archaeal community profile (not visible in TO samples), resulting in a longlasting change in the structure of all three microbial communities. The results confirmed that compost amendment introduces entirely new bacterial, fungal and archaeal populations to the tailings ecosystem and suggested that this inoculum promotes a more diverse and stable microbial community.
The effect of plant establishment on the three microbial domains was less consistent. The results showed that the bacterial community responded quickly and maintained a differentiation between planted and unplanted treatments throughout the study. In contrast, a plant effect was not observed for the fungal community until midway through the experiment and archaea showed no clear plant effect within the study's timeframe. Bacteria and fungi are known to respond differently to plants in natural ecosystems (Garbeva et al., 2004; Buée et al., 2009) . Simple root exudates are almost exclusively degraded by fast-growing heterotrophic bacteria that colonize the rhizosphere in high numbers (Buée et al., 2009; Buyer et al., 2002; de Boer et al., 2005) . In contrast, fungal populations gain a competitive advantage under acidic conditions and their contribution to root exudate degradation increases with acidification (de Boer et al., 2005) . Recall that at t 6 the pH declined sharply in planted treatments.
We hypothesize that in the present study, it is likely that between t 0 and t 6 fast-growing bacterial populations monopolized the degradation of root exudates, while saprotrophic fungal populations dominated the degradation of complex organic compounds derived from the compost Fig. 5 . Canonical Correspondence Analysis (CCA) biplots of correlation between temporal changes in microbial community structure (symbols) and major environmental and nominal variables (arrows); (A) bacteria; (B) fungi; (C) archaea. Environmental variables were pH, moisture, electrical conductivity (EC), total organic carbon (TOC), and total dissolved solids (TDS) and nominal variables were plants, and compost. TO samples and the compost nominal variable were omitted from the archaeal CCA ordination due to the absence of archaeal populations in the TO unamended treatment. The value given on each axis label represents the percentage of the total variance explained by that axis. Unrestricted Monte-Carlo permutation tests were performed (1000 permutations) to determine the statistical significance of the relationship between the environmental variables and the canonical axes (all ordinations were statistically significant, p b 0.05). Fig. 6 . Canonical Correspondence Analysis (CCA) biplots of correlation between temporal changes in microbial community structure (symbols) and pore water elemental parameters (arrows); (A) bacteria; (B) fungi; (C) archaea. Elemental variables were K, Na, Mg, Ca, Mn, Se, Cd, Co, Cu, Ni, Al, Zn, Pb, As, Fe, N (as TN), and S (as SO 4 ). An automatic forward selection procedure was used to select and plot only the 10 most significant variables for each ordination. TO samples were omitted from the archaeal ordination because archaea were not detected. The value given on each axis label represents the percentage of the total variance explained by that axis. Unrestricted Monte-Carlo permutation tests were performed (1000 permutations) to determine the statistical significance of the relationship between the elemental variables and the canonical axes (all ordinations were statistically significant, p b 0.05). (Buée et al., 2009) . As the pH declined, the relative contribution of fungal populations to the degradation of root exudates increased, which was reflected in the separation of BG and QB fungal communities from the TC communities at t 9 and t 12 (Fig. 2) . Further, we contend that the closer association observed between the BG and TC fungal communities at t 12 relative to QB is due to the fact that QB plant health and presumably root-exudate production were significantly greater at this time than for BG. As noted previously, fungal band number at this time point was similar for TC and QB and significantly higher for BG despite the fact that NMDS indicated that the TC and BG community structures were more similar. Previous research has demonstrated that increasing concentrations of lingo-cellulosic substrates in soil from decaying vegetative matter result in an increase in the richness and biodiversity of saprophytic fungal populations (Lonsdale et al., 2008; Schutter and Dick, 2001) , thus the BG-specific band increase may reflect a response of substrate-specific fungal populations associated with the BG die-off. Taken together, the two analyses suggest that QB plant health had the most significant effect on fungal community structure at t 12 and that fungal communities may reflect the above ground condition of the plants, especially since pore water TOC concentrations had decreased substantially by this time. However future research must confirm this hypothesis as the observed differences between TC, BG, and QB at t 12 were not significant in this study.
Influence of geochemical parameters on microbial community dynamics
The CCA identified pH as a dominant chemical variable influencing the microbial community structure of bacteria, fungi and archaea (Fig. 5) . The results indicate that the compost inoculum provided the most significant and immediate influence on microbial community structure, but once the buffering capacity of the compost was exhausted acidification became the major explanatory variable governing community composition. Recall that the 3:1 tailings mix included reduced subsurface tailings known to be rich in sulfide minerals (e.g. pyrite, sphalerite, arsenopyrite) (Root et al., 2010) . Relatively slow abiotic sulfide oxidation of the reduced tailings component would be expected to occur at circumneutral pH, but as the pH decreases to less than 5, rapid microbially-mediated processes typically dominate (Akcil and Koldas, 2006) . The observed temporal shift in bacterial community structure with respect to pH beginning at t 9 (Fig. 5A ) could partially reflect an increase in sulfur-and iron-oxidizing populations in all compost-amended mesocosms. In addition, previous studies have suggested that pH is one of the strongest determinants of soil microbial community composition (Fierer and Jackson, 2006; Högberg et al., 2007; Lauber et al., 2009) and that different microbial groups respond differently to changes in pH in the ecosystem (Högberg et al., 2007; Nicol et al., 2008; Rousk et al., 2009 Rousk et al., , 2010 . Studies have shown that bacterial communities are usually more stable and diverse at circumneutral pH while fungal communities usually tolerate a wider range of pH values and even thrive in more acidic environments (Högberg et al., 2007; Rousk et al., 2010) . The acidification process can have both direct (e.g. inhibition of enzymes) and indirect (e.g. increased metal toxicity) effects on neutrophilic microbial populations (Fierer and Jackson, 2006) . The observed dramatic shift in bacterial community composition that accompanied the sudden decrease in pore water pH suggests that pore water pH could be used as a future temporal indicator of changes in community dynamics for studies focused on biotic influences on tailings acidification.
Archaeal community dynamics were less clearly defined, as demonstrated by the patterns of DGGE bands and the fluctuations in community structure, especially between t 9 and t 12 ( Supplementary Fig. 1 , Table 1 ). The significant changes in community structure associated with pH and EC were detected at the point when both the pH and EC showed a significant decline. Pore water EC was lowest in all compost-amended treatments at t 12 (Supplementary Table 1 ) when the greatest negative correlation was observed between archaeal community structure and EC (Fig. 5C ). We hypothesize that the archaeal populations dominant in the compost-amended treatments at the beginning of the experiment may have been species of haloarchaea (Soppa, 2006) that are favored in alkaline environments with elevated EC. We contend that these populations lost their competitive edge with the decrease in EC and pH (Walsh et al., 2005) and were replaced by a shift in community structure to increasing numbers of non-halophylic, acid tolerant archaeal species. Previous studies suggest that change in pH is a major factor influencing archaeal community dynamics in soil ecosystems (Görres et al., 2013; Pereira-e-Silva et al., 2012) . Moreover, other studies suggest that members of the Thaumarchaeota (e.g. ammonia oxidizers), Euryarchaeota (e.g. iron oxidizers) and Crenarchaeota (e.g. sulfur oxidizers) are actually favored in acidic soils (Erguder et al., 2009; Kondrat'eva et al., 2012; Lehtovirta et al., 2009; Nicol et al., 2008) . Thus, the increase in archaeal band number in the planted treatments as the pH declined (Table 1 ) may correspond to increases in some of these acidophilic archaeal populations (Kondrat'eva et al., 2012) .
The data do not indicate whether the dramatic change in bacterial, archaeal and fungal community structures between t 6 and t 9 precipitated the drop in pH or revealed a community response to acidification. It is conceivable that prokaryotic populations may be contributing to ironand sulfur-oxidation reactions responsible for driving the observed acidification and fungi are simply exploiting the heterotrophic competitive advantage gained by the change in pH. This hypothesis is supported by the observed decrease in pore water TOC at this time point which would favor the autotrophic iron-and sulfur-oxidating bacterial and archaeal communities. Regardless of the specific community dynamics, plant health was directly affected by the acidification so the interrelationship dynamics associated with changes in microbial structure, substrate pH and plant health must be carefully evaluated in future studies with pH serving as an indicator of ecosystem stability.
Influence of pore water chemistry on microbial community structure
The PCA suggests that the incorporation of compost influenced pore water metal(loid) concentrations, as composted treatments were generally negatively correlated with pore water metal(loid)s, whereas a positive correlation was observed between TO samples at t 6 , t 9 and t 12 and pore water metal(loid)concentrations (Figs. 3 and 5) . The positive correlation was strongest for the more acidic pore water samples. The general effect of pH on metal(loid) solubility is well known; in soil environments the solubility of toxic metal(loid)s (e.g. Cu, Zn, As, Cd, Pb) increases as the pH of the soil decreases (Chuan et al., 1996; Rieuwerts et al., 1998) . Taken together these results suggest that the effect of compost on metal(loid) solubility may involve: (i) changing the pH which in turn controls the solubility of metal(loid)s Solís-Domínguez et al., 2012; Walker et al., 2004) ; (ii) limiting acid generation by decreasing the rate of microbial-mediated oxidation of ferrous and sulfide minerals (Johnson and Hallberg, 2005; Kim et al., 1999) ; (iii) and promoting metal(loid) sequestration processes, such as direct precipitation or co-precipitation of the metal(loid)s with various organic compounds and minerals (e.g. carbonates, oxides, hydroxides) or metal(loid) adsorption onto biotic and abiotic surfaces (Bolan and Duraisamy, 2003; Guo et al., 2006; Kumpiene et al., 2008; Park et al., 2011) . Interestingly, a subtle trend toward increased pore water metal(loid)s was observed for TC, BG, and QB by t 12 as demonstrated by a migration of data points toward the metal(loid) vectors, a pattern associated with both acidification and decreased pore water TOC. Thus, the acidification in all treatments appeared to be associated with increased leaching of numerous metal(loid) species.
In response to these observations, a second CCA was used to evaluate the influence of pore water chemistry on the community structure of the respective microbial communities. Co, Cd, Pb, and As were four of the six elements identified as significant influences on the community structure of all three domains (Fig. 6) . These results suggest that metal toxicity played an important role in shaping microbial community structure especially as an indirect consequence of mesocosm acidification. Interestingly, Ca and Co were among the most significant parameters analyzed for both bacteria and archaea while Co and TN were most significant for fungi (Fig. 6) . The bioavailability of metal(loid)s and other trace elements in soils is known to have a significant effect on the composition of soil microbial communities, usually because of either their biological importance or their toxicity (Gao et al., 2010; Khan et al., 2010; Liao and Xie, 2007) .
The significance of N to fungi alone (Fig. 6B ) may reflect the fact that saprotrophic fungal populations are more sensitive to C:N ratios and usually require higher C:N ratios than prokaryotic populations Lauber et al., 2008) . Previous studies suggest that N concentrations in soils and the amendment of soils with an N source (e.g. compost) usually have a stronger effect on the structure of fungal communities than that of prokaryotic communities (Bardgett et al., 1999; Buée et al., 2009; Frey et al., 2004) . The analysis indicated that the influence of N was strongest at time points when pore water TN concentrations were highest (Fig. 6B, Supplementary Table 1) , potentially reducing the competitiveness of fungal populations which require relatively low concentrations of N in order to degrade complex organic compounds, such as lignin (Bittman et al., 2005; Tuomela et al., 2000) .
Cobalt was the one element highly significant to bacteria, archaea and fungi with pore water concentrations ranging from 1.52 ± 3.91 mg L −1 at t 0 to 7.30 ± 3.10 mg L −1 at t 12 . Cobalt has been reported to be toxic to microbial communities (Silver and Phung-le, 2005) . Further it has been reported that Co potentially inhibits microbiallymediated sulfate reduction in metal-contaminated environments by outcompeting iron during the synthesis of metalloproteins (Ranquet et al., 2007; Ram et al., 2000) . This is important when considering that sulfate reduction processes could mitigate the acidification of mine tailing systems and help prevent the generation of acid mine drainage (Johnson and Hallberg, 2005) . Potentially more relevant in metalcontaminated environments, however, is the function of Co as an essential enzyme cofactor for microbial metabolism; even though its rarity in nature and the competition with other elements (e.g. Fe, Mg) makes it one of the less common transition metals in cells (Kobayashi and Shimizu, 1999; Okamoto and Eltis, 2011) . Nonetheless, Co is the key transition metal involved in the synthesis of the important coenzyme cobalamin (better known as vitamin B12) in prokaryotic cells (Martens et al., 2002; Taylor and Sullivan, 2008) . Cobalamin serves as an essential cofactor for the catalysis of transmethylation reactions that mediate important biosynthesis processes inside microbial cells, such as the synthesis of the amino acid methionine (Taylor and Sullivan, 2008) . The capacity of cobalamin to facilitate transmethylation reactions, could be crucial for the survival of prokaryotes in metalliferous mine tailing environments given that it can mediate the methylation and volatilization of many metal(loid)s as a cell detoxification pathway (Ekstrom and Morel, 2008; Mason, 2012; Meyer et al., 2008; Nies, 1999) . Some metal(loid)s that can be methylated by means of cobalamin for detoxification are: As (Gebel, 2002) , Se (Gadd, 2004) , Mg (Meyer et al., 2008) , Pb (Ehrlich, 1997) , and Cd (Mason, 2012) . Further research is needed to determine whether the significance of Co to mine tailings ecosystems is related to its biological importance as an integral component of detoxification mechanisms or to its toxicity. Finally, calcium was the most significant pore water element driving changes in the structure of both bacterial and archaeal communities. Ca in its mineral form is known to interact and adsorb toxic ions, including Cd, As, Pb and Se, in contaminated environments (Cravotta-Iii and Trahan, 1999; Bradl, 2004; Gadd, 2010; García-Sánchez et al., 1999; Sheoran and Sheoran, 2006) . It is also important to note that in natural soil ecosystems the pH is tightly correlated to the concentration of Ca minerals (Warton and Matthiessen, 2005) . Thus, the importance of Ca to microbial community structure in the mesocosms may be related to its capacity to complex toxic ions in the soil and mitigate the increase in toxicity promoted by the observed decline in pH.
Conclusions
The present study represents, to our knowledge, the first documentation of the structural dynamics of the three major microbial groups (i.e. bacteria, fungi, archaea) during revegetation of compost-amended metalliferous mine tailings. The differential response of bacterial, archaeal and fungal communities to plant establishment and mineral weathering in these mesocosm experiments highlights the importance of analyzing the dynamics of all three groups when determining the influence of microbial communities on the progress of plant establishment and biogeochemical weathering of tailings materials during phytoremediation. The data suggest that both bacteria and archaea may influence acidification processes and that pore water pH can be used as a temporal indicator of changes in the community dynamics of bacteria, fungi, and archaea. Relatively few studies have examined the influence of multiple environmental drivers on all three microbial groups during the reclamation of mine tailings, but we have shown here the significance of this multifaceted analysis. Further, our results reveal some intriguing patterns such as the responses of all three microbial groups to elevated pore water concentrations of Co and/or Ca. These relationships must be further investigated to understand their potential relevance to acidification and plant health. Future research will focus on the specific taxonomic and functional profiles associated with the structural changes documented in this study.
